Study Design. A population-based, cross-sectional study.
C ervical spondylotic radiculopathy (CSR) occurs because cervical nerve roots from the cervical spinal cord are compressed, and it causes cervicobrachial pain, sensorimotor deficit, and/or postural instability. [1] [2] [3] Cervical nerve roots include posterior spinal nerve roots that run into cervical deep muscles. Cervical deep muscles consist of greaterdensityoftypeIfibers, 4, 5 andthefibertypedistributionis associated withthe number ofmuscle spindles. 6, 7 Inparticular, the cervical multifidus muscle within cervical deep muscles has high muscle spindle density, 4 and this seems to help with stabilizing the cervical spine during movements. 8 This muscle is also excellent at sensory function for stabilization of posture. Postural control is done by coordination feedback loops, constituting the neck, hip, and ankle joints. 9, 10 In addition,
From the regardingtheposturalstability,cervicalmusclesplayanimportant role in obtaining stable visual information through eye movement. 3 Therefore, the compression of nerve root causes morphologicalalterations,andasaresult,theCSRpatientstend to lose postural stability.
Morphological alterations can be caused by various factors, such as infiltrating fat tissues in the skeletal muscle. Previous studies reported that fat in muscle increases due to the prolonged immobility, and this alteration is associated with pain and impairment. [11] [12] [13] [14] Other studies have also shown that fatty infiltration in the skeletal muscle is related with chronic denervation, [12] [13] [14] [15] motoneuron lesions, 16 metabolic disorders, 17 aging, 18 and other muscle disorders. 19 For these reasons, it is important to evaluate muscle fat infiltration in muscular tissue. Elliott et al 20 have established a simple method to quantify muscle/fat constituents in cervical muscles using magnetic resonance imaging (MRI). They showed that patients with whiplash-associated disorders had significantly larger fat infiltration in the cervical flexor muscles than healthy adults. 21 In addition, cervical multifidus muscles had more fat infiltration than those within the cervical extensor muscles, and this fat infiltration differs at the vertebral body levels. 22 Theoretically, CSR could also increase fat infiltration in the cervical multifidus muscle by compressing the cervical nerve root, such as traumatic whiplash-associated disorders. As cervical multifidus muscle runs through multiple vertebral body levels, it is possible that cervical multifidus muscle influences not only impaired vertebral body level but also adjacent vertebral body levels. In CSR patients, it is therefore crucial to clarify the relationship between postural stability and fat within cervical multifidus muscle for inter-vertebral body.
On the contrary, other factors, such as age and body mass index (BMI), could also affect the postural stability. Aging commonly results in gait disturbance and muscle weakness. 23 As a result, the incidence of falls rise steadily from middle age and peak in 80s. 24 Obesity could cause interruption of getting information from the planter sensory receptors, which leads to fall accidents. 25 The BMI, a measure of obesity, shows negative relationship with postural control. 26 Although it is well established that these factors affect postural control individually, it is unknown whether or not they have additive or synergic effects on postural stability among CSR patients.
The purposes of this study were to (1) determine whether or not there was a difference in fatty infiltration between CSR patients and healthy controls in the cervical multifidus muscle; (2) clarify the relationship between fat infiltration of cervical multifidus muscle and postural stability; and (3) investigate whether muscle fat infiltration, age, and BMI would have an increased effect on postural stability.
MATERIALS AND METHODS

Subjects
All participants were diagnosed with cervical disease by MRI scan of the cervical spine at Shiroishi Kyoritsu Hospital. A total of 129 subjects volunteered for this study; however, 22 were excluded due to either lumbar spine disease or diabetes mellitus. Of 107, 83 participants who had neurological symptoms of lower limb were additionally excluded because those symptoms could be directly caused by the mechanical compression of the cervical spinal cord. Then, CSR patients who only had a C6 injury were included in order to reduce the measurement error of the muscle by the neurological injury in a different vertebral level. As a result, the remaining 16 CSR participants who had nontraumatic chronic nerve compression underwent all testing ( Figure 1) . As a control group, 25 age-matched healthy volunteers, demonstrating no abnormalities either in the lower limb or in the spine, also participated. This study was approved by the local ethics committee, and subjects gave their written informed consent.
MRI Examination
The visualization of fat infiltration in cervical muscle was obtained using MRI. All images were acquired on an Achieva 1.5 T Nova Dual (Philips, Amsterdam, The Netherlands). Regarding measurement of image, parameters for the T1-weighted axial conventional spin echo sequence were 4 mm slice thickness, 160 mm FOV read, 587 ms TR (repetition time), 9 ms TE (echo time), 256 Â 256 matrix size.
For evaluation of fat within muscle, muscle fat index (MFI) was calculated by using both measurement of cervical multifidus muscle and intermuscular fat. The cervical mutifidus muscle in C6 injury level was measured at the most superior line of C6 vertebral body on the axial magnetic resonance (MR) slice from the course of nerve roots. As shown in Figure 2A , dark areas indicated muscles and bright areas showed fat in T1-weighted image. In addition, nerve root level of C4 and C5 was measured by the same methods.
Data analysis consisted of manually tracing a defined region of interest (ROI) bilaterally over the cervical multifidus muscles using image viewer (ShadeQuest/ViewC; Yokogawa Medical Solutions Corp., Tokyo, Japan) Figure 2C is a histogram of pixel intensity profile in intermuscular fat. For image analysis, T1-weighted MR parameters were chosen to provide images of reasonable tissue to contrast between fat and soft-aqueous skeletal muscle, and the higher pixel intensity in ROIs suggested the higher fat volume. 14, 27 The cervical multifidus muscle and intermuscular fat ROIs were calculated by the average signal values of the individual pixel intensity profiles. In the MFI, each pixel intensity profile in this muscle ROI was divided by the pixel intensity profile in the intermuscular fat ROI. This was performed to create a value indicative of the relative amount of intramuscular fat compared with intermuscular fat. 20 Regarding the MFI, a score of people with 1-sided nerve dysfunction was measured by using the impaired side, and that of individuals with bilateral nerve dysfunctions and control group were calculated by computing an average value of bilateral MFI.
The repeatability of the MRI measure was performed on each 10 randomly selected images for C4, C5, and C6 MFI. The intra-and inter-rater reliability were tested using the intraclass correlational coefficient (ICC). The ICC for the between-day measurements of the MFI of C4 was 0.94, C5 was 0.85, and C6 was 0.88. The ICC for the inter-rater agreement of measurements of the MFI of C4 was 0.84, C5 was 0.89, and C6 was 0.84. This indicated a high level of repeatability.
Postural Stability Examination
Both CSR and control groups performed a postural stability test to measure postural control using a platform (G-620; Anima Co., Tokyo, Japan). The postural control was evaluated by the sway of the center of pressure using the standard method. There were 2 conditions: static standing with eyes-opened and eyes-closed. For each condition, participants were asked to stand barefoot in an upright position with feet together on the force plate for 60 seconds. For the eyes-opened condition, participants were asked to gaze on a target (1.0 cm diameter), which was placed at an eye level. The participants were merely asked to stand on the force plate quietly. Each condition was followed by a 60-second rest condition. This study used 2 parameters to evaluate postural stability of static standing-the total length and the area of the center of the pressure (COP).
Statistical Analysis
All data analyses were performed using IBM SPSS Statistics 21. The analysis process included several steps. First, t tests were used to evaluate the difference in age, BMI, the total length and the area of the COP, and MFI (C4, C5, and C6) between CSR and control groups. Second, 1-way analysis of variance (ANOVA) was used for each group to determine whether there were significant differences among 3 cervical levels in MFI. Third, Pearson correlation coefficients were calculated to investigate the relationship between eye-closed the total length of the COP, and age, BMI, and fat indexes in cervical multfidus muscle for each cervical level within the groups. Eye-closed the total length of the COP, instead of eye-opened the total length, was selected to determine whether postural stability was controlled by proprioceptive information rather than visual information. Fourth, in order to investigate what variables would be the best predictors of the total length of the COP, after the correlation analysis described above, factors with P value less than 0.05 were entered into a stepwise multiple regression analysis. Significance level was set at 0.05.
RESULTS
The demographic characteristics of 2 groups are presented in Table 1 . There were no significant differences between groups in age, BMI, and eyes-opened the area of the COP (age; T ¼ -0.34, P ¼ 0.74, BMI; T ¼ -0.04, P ¼ 0.97, eyes-opened the area of the COP; T ¼ 0.73, P ¼ 0.47); however, the CSR group showed a significant increase in the stabilometer test as compared with the control group (eyes-opened the total length; T ¼ 2.23, P < 0.05, eyesclosed the total length; T ¼ 2.80, P < 0.05, eyes-closed the area; T ¼ 2.20, P < 0.05). Moreover, there were significant group differences at C4, C5, and C6 MFI (MFI C4; T ¼ 3.37, P < 0.01, C5; T ¼ 3.28, P < 0.01, C6; T ¼ 2.56, P < 0.05). One-way ANOVA showed no significant difference between C4, C5, and C6 levels in both CSR and control groups (CSR; F ¼ 0.27, P ¼ 0.77, Control; F ¼ 2.38, P ¼ 0.10). In the control group, the eye closed the total length of the COP was significantly correlated with age (r ¼ 0.430, P < 0.05) ( Table 2 ). The coefficient of multiple determination (R 2 ) of age was 0.185, which meant that the age explained 18.5% of the variance in the eyes-closed the total length. Figure 3 showed the relationship between each level's MFI and eyes-closed the total length of the COP in the control group. The correlation coefficients (r) between eyesclosed the total length and each cervical levels (C4, C5, and C6) were -0.042, -0.006, and 0.168, respectively. On the contrary, in the CSR group, the eyes-closed the total length were correlated with age (r ¼ 0.466, P < 0.05), C4 (r ¼ 0.532, P < 0.05), C5 (r ¼ 0.528, P < 0.05), and C6 MFI (r ¼ 0.693, P < 0.001) ( Table 2 ). Figure 4 showed the relationship between each level's MFI and eyes-closed the total length of the COP of the CSR group. The score of age and 3 cervical levels of MFI was then entered into a stepwise multiple regression model, which revealed that only C6 MFI was a significant predictor of eyes-closed the total length of the COP (P < 0.01). The coefficient of multiple determination (R 2 ) of C6 MFI was 0.480, which indicated that C6 MFI explained 48.0% of variance in the eyes-closed the total length.
DISCUSSION
The aims of the present study were to examine the fat within cervical multifidus muscles in CSR patients and to investigate the relationship between muscle fat infiltration and static postural stability. The results of this study showed that CSR patients had significantly larger amounts of fatty infiltration in their muscles than healthy controls. Regarding the histological alteration of fat cells, previous studies reported that the mesenchymal progenitor cells in musculature have a differential ability to fat cells. 28 These cells and muscular cells coordinate and maintain the constancy of musculature. The mesenchymal progenitor cells exist in a neighborhood of blood vessels 28 and it may affect nerve and blood alteration in cervical deep muscle regions. Therefore, the compression of nerve roots due to CSR could interfere with the interaction between the mesenchymal progenitor cells and the muscular cells, which may lead to the increase of MFI. In the cervical deep muscles, it is suggested that cervical multifidus muscle has significantly larger amounts of fatty infiltration in comparison to other cervical muscles. 22 The structure sensitivity of the intramyocellular lipid differs on the basis of the fiber types, and a type I fiber tends to be more easily altered than a type II fiber. 29, 30 The cervical multifidus muscle has a high percentage of type I fiber, 4 and as a result, CSR patients might have increased MFI of this muscle by denervation.
In terms of the MFI of the adjacent vertebral levels, the cervical multifidus muscle showed a significantly increased MFI not only in the impaired C6 level but also in other levels in the CSR patients. An MRI study has also demonstrated signal intensity changes in the adjacent vertebral levels along with the impaired vertebral level.
14 It is possible that the multifidus muscle is innervated by multiple roots, which is consistent with our findings. Regarding the relationship between postural stability and fat within muscle, although there were no significant correlations between MFI and the total length of the COP in eyes-closed condition of healthy controls, CSR patients demonstrated significant positive correlations between them. The somatosensory system has a great effect on posture adjustment during static standing. 31, 32 This system provides the information of position and motion about the body with reference to supporting surfaces and conveys the information about the relationship of body segments to one another. 33 Proprioceptive information of cervical deep muscles is one of the somatosensory systems, and it contributes to a position control of neck. 34 The cervical muscles have a high density of muscle spindles and are unique in terms of the arrangements of muscle spindles. 35 Cervical muscle spindles are compartmentalized in tandem arrangement within the muscle. These spindles respond to both stretch and contraction for an effective tension generation in the muscle. 36 The density and distinct morphological features of muscle spindles in the cervical deep muscles are important for movement precision, proprioception, control of head position, and eye-head coordination. 35 Therefore, fat infiltration within muscle could lead to inhibition of normal activity of musculature, which the present study suggests that fat within cervical multifidus muscle in CSR patients has an effect on the postural stability in static standing.
As one of the characteristics of this study, we not only assessed variables individually but also analyzed these factors in 1 model to predict the postural control. C6 MFI in the CSR patients and age in the healthy controls were the only significant predictive factors. Aging gradually deteriorates postural function and decreases postural stability. 24 This also corresponds to eyes-closed static standing of the control group in the present study. As we age, standing postural control declines and it is correlated particularly with sensorimotor functions, including reduced lower extremity muscle strength, peripheral sensation, visual acuity, and reaction time. 37 Moreover, regarding brain functions, age-related atrophy of the motor cortical regions and corpus callosum may coincide with postural instability. 38 The current study has a few limitations. First, although there were many potential participants at the beginning of the study, the number of participants decreased due to stringent inclusion/exclusion criteria. It was however crucial to have a homogeneous CSR group in order to precisely evaluate the relationship between certain cervical muscular function and postural stability. Second, previous study measured the intermuscular fat at C2 wherein fat is greater in amount and therefore it is easier to measure. 22 In this study, the MRI was taken as part of clinical work and not specifically for the present study. We could not choose which MRI slices we would want to include; therefore, future studies should measure the intermuscular fat at C2. Third, it was optimal to include non-C6 CSR patients who had the same symptoms as another control group to demonstrate that the fatty infiltration was caused by denervation and not merely neck pain. Future studies should increase the number of subjects and investigate the relationships between the fatty infiltration and cervical denervation occurred other than C6.
In spite of these limitations, this study demonstrated that cervical muscle function could directly cause postural instability, even though the proprioceptive information has normal lower limbs. This suggests that the cervical musculature alteration plays an important role in static postural control. Therefore, it is critical for clinicians working with CSR patients to pay more attention to not only common symptoms, such as sensorimotor difficulties, but also postural stability to avoid falls and injuries.
Key Points
There have been few studies evaluating the relationship between postural stability and morphological alterations of cervical deep muscles. The aim of the present study was to quantitatively examine the relationship between postural stability and fat infiltration within cervical multifidus muscle in CSR patients. Sixteen CSR patients with C6 injury and 25 agematched healthy controls underwent MR images to examine bilateral cervical multifidus muscle and postural stability. In the CSR group, a correlation analysis demonstrated that the age, C 4 , C 5 , and C6 MFI values were significantly associated with the eyesclosed postural stability. The present study suggests that fat within cervical multifidus muscle could directly cause postural instability in static standing, even though the proprioceptive information has normal lower limbs.
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